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Abstract
The searches for classical Magnetic Monopoles (MMs) at acceler-
ators, for GUT Superheavy MMs in the penetrating cosmic radiation
and for Intermediate Mass MMs at high altitudes are discussed. The
status of the search for other massive exotic particles such as nucle-
arites and Q-balls is briefly reviewed.
1 Introduction
Magnetic Monopoles (MMs) are hypothetical particles carrying a magnetic
charge which is quantized according to the Dirac relation [1]: e g = n~c/2 =
n× gD, where e is the basic electric charge, n = 1, 2, ...; gD = ~c/2e = 68.5 e
is the unit Dirac charge.
Pointlike, magnetic charged particles are usually referred to as “classical”
or “Dirac” monopoles, whose properties are derived from the Dirac relation.
No predictions exist for their mass (a rough estimate obtained assuming
that the classical monopole radius is equal to the classical electron radius
yields mM ≃ g
2me
e2
≃ n 4700 me ≃ n 2.4 GeV/c2). Dirac MMs have been
searched for at every new accelerator/collider.
So-called “primordial” GUT magnetic monopoles are topological point
defects possibly produced in the Early Universe at the phase transition cor-
responding to the spontaneous breaking of the Unified Gauge group into
subgroups, one of which is U(1) [2, 3]. GUT MMs would have masses as
large as 1016 − 1017 GeV/c2.
Later phase transitions could have lead to Intermediate Mass Monopoles
(IMMs) [4] with masses in the range 105 ÷ 1013 GeV/c2.
Given their large expected mass, GUT and Intermediate Mass monopoles
can only be searched for as relic particles from the Early Universe in the
Cosmic Radiation (CR).
1
In this paper we review the experimental situation on MM searches; a
short discussion on the searches for nuclearites [5] and Q-balls [6] is also
presented.
2 Magnetic Monopole Energy Losses
A fast MM with magnetic charge gD and velocity v = βc behaves like an
equivalent electric charge (ze)eq = gDβ losing energy mainly by ionization;
for β > 10−1, the energy loss of a gD MM is ∼ (68.5)2 ∼ 4700 times that of
a minimum ionizing particle.
Slow poles (10−4 < β < 10−2) lose energy by ionization or excitation of
atoms and molecules of the medium (“electronic” energy loss) or by yielding
kinetic energy to recoiling atoms or nuclei (“atomic” or “nuclear” energy
loss). Electronic energy loss dominates for β > 10−3. In noble gases and for
monopoles with 10−4 < β < 10−3 there is an additional energy loss due to
atomic energy level mixing and crossing (Drell effect [7]).
At very low velocities (v < 10−4c) MMs may lose energy in elastic col-
lisions with atoms or with nuclei. The energy is released to the medium in
the form of elastic vibrations and/or infrared radiation [8].
In Fig. 1 the different energy loss mechanisms at work in liquid hydrogen
for a g = gD MM versus its β are shown [9].
Figure 1: The energy losses, in MeV/cm, of g = gD MM in liquid hydrogen
vs β. Curve a) corresponds to elastic monopole–hydrogen atom scattering;
curve b) to interactions with energy level crossings; curve c) sketches the
ionization energy loss.
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2.1 Searches for Classical (Dirac) Monopoles
Dirac magnetic monopoles have been searched for at accelerators and col-
liders in e+e−, e+p, pp and pp collisions, mostly using scintillation coun-
ters, wire chambers and nuclear track detectors (NTDs). Searches based
on induction devices looking at persistent currents induced by monopoles in
superconducting coils were also made.
In Table 1 the accelerator searches for Dirac MMs taken from ref. [10]
are listed. The most recent searches are briefly discussed in the following
sections.
2.1.1 Searches at LEP
Searches at the CERN LEP e+e− collider were performed by the MODAL
[12] and OPAL [13] collaborations. Both searches were based on the detec-
tion of MM pair produced through the e+e− → γ∗ →MM reaction.
The MODAL [12] experiment was run at
√
s = 91.1 GeV. The detector
consisted of a polyhedral array of CR39 NTD foils covering a 0.86 × 4π sr
angle surrounding the I5 interaction point at LEP. The integrated luminosity
was ∼ 60 nb−1. After chemical etching NTD sheets were analysed in the
search for penetrating tracks consistent with the passage of a heavily ionizing
particle. No candidate event was found; the 95% CL upper limit on the MM
production cross section was 70 pb for monopoles with masses < 45 GeV/c2.
The OPAL Collaboration performed a search based on the detection of
pair produced MMs at
√
s = 206.3 GeV and a total integrated luminosity of
62.7 pb−1 [13]. The search was based on the measurements of the momentum
and energy loss in the tracking chambers of the OPAL detector. Back-to-
back tracks with high energy release were searched for in opposite sectors of
the Jet Chamber. The 95% CL cross section upper limit for the production
of monopoles with masses 45 GeV/c2 < mM < 104 GeV/c
2 was 0.05 pb
(Fig. 2a).
2.1.2 Searches at HERA
The H1 collaboration performed an indirect search for monopoles produced
in high energy e+p collisions at
√
s = 300 GeV [14]. MMs would stop and be
trapped in the beam pipe surrounding the H1 interaction point at HERA.
The aluminium beam pipe had been exposed to a luminosity of 62± 1 pb−1
at
√
s = 300 GeV; during HERA operations it was immersed in a 1.15 T
magnetic field parallel to the beam pipe. The beam pipe was cut into long
thin strips which were passed through a superconducting coil coupled to
a SQUID; the signature of the presence of a MM would be the induction
of a persistent current in the superconducting loop. Two models for MM
pair production were considered: 1) spin 0 monopole pair production by the
elastic process e+p → e+pMM ; 2) spin 1/2 monopole pair production by
3
Table 1: List of accelerator based MM searches.
Reac-
√
s Mass range Magnetic charge Cross Section Accelerator Experiment Year
tion (GeV) (GeV/c2) (in gD units) Upper Limit
(pb)
e+e− 206 45-102 1 0.05 LEP2 OPAL ´ 08
e+e− 88-94 < 45; 41.6 1; 2 0.3 LEP MODAL ´ 93
e+e− 89-93 < 44.9 1 70 LEP MODAL ´ 92
e+e− 50-61 < 29; 18 1; 2 0.1 KEK TRISTAN ´ 89
e+e− 50-52 < 24 1 0.8 KEK TRISTAN ´ 88
e+e− 50-52 < 24 2 13 KEK TRISTAN ´ 88
e+e− 29 < 3 0.03 SLAC PEP ´ 84
e+e− 34 < 10 < 6 0.04 DESY PETRA ´ 83
e+e− 29 < 30 < 3 0.9 SLAC PEP ´ 82
e+p 300 1 2 FNAL HERA ´ 05
e+p 300 2 0.2 FNAL HERA ´ 05
e+p 300 3 0.07 − 0.09 FNAL HERA ´ 05
e+p 300 ≥ 6 0.05 − 0.06 FNAL HERA ´ 05
pp 1960 200 − 700 1 0.2 FNAL CDF ´ 06
pp 1800 > 265 1 0.6 FNAL D0 ´ 04
pp 1800 > 355 2 0.2 FNAL D0 ´ 04
pp 1800 > 410 3 0.07 FNAL D0 ´ 04
pp 1800 > 375 6 0.2 FNAL D0 ´ 04
pp 1800 > 295 1 0.7 FNAL FNAL E882 ´ 00
pp 1800 > 260 2 7.8 FNAL FNAL E882 ´ 00
pp 1800 > 325 3 2.3 FNAL FNAL E882 ´ 00
pp 1800 > 420 6 0.11 FNAL FNAL E882 ´ 00
pp 1800 < 800 ≥ 1 1.2 × 103 FNAL - ´ 90
pp 1800 < 800 ≥ 1 3× 104 FNAL - ´ 87
pp 540 1, 3 1× 105 CERN-ISR [11] ´ 83
pp 52 < 20 8 CERN-ISR [11] ´ 82
pp 56 < 30 < 3 0.1 CERN-ISR [11] ´ 78
pp 63 < 20 < 24 0.1 CERN [11] ´ 78
pp 60 < 30 < 3 2 CERN-ISR [11] ´ 75
pA 11.9 < 5 < 2 1× 10−4 IHEP IHEP ´ 76
pA 4× 103 BNL - ´ 76
pA 28.3 < 12 < 10 5× 10−7 FNAL - ´ 75
pA 28.3 < 13 < 24 5× 10−6 FNAL - ´ 74
pA 11.9 < 5 1× 10−5 IHEP IHEP ´ 72
pA 7.6 < 3 < 2 1× 10−4 CERN - ´ 63
pA 7.86 < 3 < 2 2× 10−4 BNL-AGS - ´ 63
pA 7.6 < 3 < 4 10 CERN - ´ 61
pA 3.76 < 1 1 20 LBL-Bevatron - ´ 59
nA 24.5 2× 106 FNAL - ´ 75
AuAu 4.87 < 3.3 ≥ 2 0.65 × 103 BNL-AGS - ´ 97
PbA 17.9 < 8.1 ≥ 2 1.9 × 103 CERN - ´ 97
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Figure 2: The 95% CL upper limits on monopole pair-production cross
section versus magnetic monopole mass as obtained by the OPAL (a) and
CDF (b) experiments. In Fig.2b the Drell-Yan cross section theoretical curve
is also given.
the inelastic process e+p → e+XMM (where X is any state). The upper
limits on the production cross sections derived for these models are shown
in Figure 3.
2.1.3 Searches at FNAL
Several searches for MMs were performed at the Tevatron-FNAL pp collider.
The CDF collaboration in 2006 [15] performed a search for magnetic
monopoles produced in 35.7 pb−1 integrated luminosity of pp collisions at√
s = 1.96 TeV. MMs would have been detected by the Central Outer
Tracker and ToF detectors placed in the 1.4 T magnetic field parallel to the
beam direction. The MM pair production was excluded at the 95% CL for
cross sections < 0.2 pb and monopole masses in the range 200 < mM < 700
GeV/c2 (Fig. 2b).
The effects of virtual MMs were looked for searching for γγ production
via a virtual monopole loop in pp collisions at the Tevatron collider. The
pp→ γγ cross section at energies below the monopole production threshold
would be enhanced by the strong coupling of virtual monopoles to photons
[16].
A different indirect search was made looking for monopoles trapped in
beam pipes and detector materials from the old D0 and CDF detectors.
Several Be, Pb and Al samples were passed through the strong field gen-
erated by a superconducting magnet. Trapped monopoles would induce a
persistent current in the coil after the passage of the samples [17]. This
5
Figure 3: The cross section upper limits derived from the H1 run of the
HERA experiment. Curve a) corresponds to spin 0 MM pair production;
curve b) to spin 1/2 MM pair production.
technique, which is independent of the magnetic monopole mass and veloc-
ity, was used also in the search for cosmic MMs in bulk matter by passing
through the superconducting magnet moon rocks, meteorites, schists and
terrestrial magnetic materials [18].
2.1.4 MoEDAL: Monopole Searches at the LHC
MoEDAL (Monopole and Exotic particle Detection At the LHC) is a future
experiment at the LHC [19]. It will search for MMs and other highly ionizing
exotic particles in p p collisions at an expected luminosity of 1032 cm−2 s−1
and also in the heavy ion running. The MoEDAL detector will be an array
of NTD stacks deployed around the Point-8 intersection region of the LHCb
detector, in the VELO cavern as sketched in Fig. 4a. The array will cover a
surface area of ∼ 25 m2. Each stack, 25×25 cm2, will consist of 9 interleaved
layers of CR39, Makrofol and Lexan NTDs (Fig. 4b) .
The passage of a heavily ionizing particle in NTD foils would cause
the formation of a damage (latent-track) along its trajectory; a subsequent
chemical etching would lead to the formation of etch-pit cones in both front
and back faces of each sheet. The size and shape of the cones are related
to the particle restricted energy loss and angle of incidence. A detailed de-
scription of NTD technique can be found in ref. [20]. The MM signature
in MoEDAL would be a sequence of collinear etch-pits consistent with the
passage of a particle with constant energy loss through the detector foils of
a whole stack.
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Figure 4: a) Skecth of the MoEDAL detector as planned to be deployed
in the LHCb VELO region. b) A MoEDAL detector element consisting of
sheets of CR39, Makrofol and Lexan NTDs.
In Fig. 5 the upper limits on cross sections for magnetic monopole pro-
duction set by past searches are reported; the expected sensitivity for the
LHC-MoEDAL experiment is also shown.
3 Searches for SuperMassive Magnetic Monopoles
GUT MMs from the Early Universe may be present today in the cosmic
radiation as “relic” particles with a velocity spectrum in the 4×10−5 < β <
0.1 range. Larger velocities could be achieved by IMMs (105 < mM < 10
13
GeV/c2) accelerated in one coherent domain of the galactic magnetic field.
Bounds on the flux of cosmic MMs were obtained on the basis of as-
trophysical and cosmological considerations. The most referred one is the
so-called “Parker Bound” F< 10−15 cm−2 s−1 sr−1 [21] obtained by requiring
that the kinetic energy per unit time that MMs gain from the galactic mag-
netic field be not larger than the magnetic energy generated in the galaxy by
the dynamo effect. The original limit was re–examined to take into account
the almost chaotic nature of the galactic magnetic field, with domain lengths
of about ℓ ∼ 1 kpc; the limit becomes mass dependent [21]. By applying
similar considerations to the survival of an early seed of galactic magnetic
field a more stringent “Extended Parker Bound” (EPB) was obtained [22]:
F < m17 10
−16 cm−2 s−1 sr−1, with m17 = mM/10
17 GeV/c2.
Several searches for GUT MMs were performed above ground and un-
derground using many types of detectors [23–25]. In Table 2 are listed the
different searches and their results.
The most stringent experimental flux limit on supermassive MMs was set
by the MACRO experiment at the underground Gran Sasso Laboratory [32].
Searches with underwater and underice neutrino telescopes are sensitive to
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Figure 5: Cross section upper limits on monopole production from past
searches at accelerators/colliders. Dashed lines indicate limits from indirect
searches. The upper limit expected from the planned MoEDAL experiment
at LHC is also indicated.
relativistic MMs. They would be detected by the large amount of Cherenkov
radiation, & 8300 times that of muons.
In Fig.6 the 90% CL flux upper limits versus β for GUT MMs with
g = gD as set by the MACRO [32], Ohya [34], Baksan [29], Baikal [28], and
AMANDA [26] experiments are shown. The Baikal and AMANDA limits
were obtained assuming that relativistic GUT MMs would reach the detector
from “below”, i.e. after crossing the Earth (which is unlikely).
The interaction of the GUT monopole core with a nucleon can lead to
nucleon decay (catalysis), f.e. M + p → M + e+ + π0 via the Rubakov-
Callan mechanism [36]. Searches for MM induced nucleon decay were made
with neutrino telescopes [27, 29] and by the MACRO experiment [33]. The
Super-Kamiokande collaboration also performed an indirect search for GUT
monopoles, looking for a neutrino signal coming from proton decay catalised
by GUT MMs captured in the Sun. The flux upper limit was set at F <
10−23 cm−2 s−1 sr−1 for a monopole mass < 1017 GeV/c2 and velocity
β = 10−3 assuming a catalysis cross section σ ∼ 1 mb [31].
MMs with masses mM > 10
5 − 106 GeV [8] could reach the Earth surface
from above and be detected; lower mass MMs may be searched for with
detectors located at high mountain altitudes, balloons and satellites.
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Table 2: Flux upper limits for GUT and Intermediate Mass Monopoles from
different experiments, assuming g = gD.
Experiment Mass Range β range Flux Upper Limit Detection Technique
(GeV/c2) (cm−2 s−1 sr−1)
AMANDA II Upgoing [26] 1011 − 1014 0.76 − 1 8.8 − 0.38 × 10−16 Ice Cherenkov
AMANDA II Downgoing [26] 108 − 1014 0.8− 1 17 − 2.9× 10−16 Ice Cherenkov
AMANDA II (catalysis) [27] > 1011 ≃ 10−3 5× 10−17 Ice Cherenkov
Baikal [28] 107 − 1014 0.8− 1 1.83 − 0.46 × 10−16 Water Cherenkov
Baikal (catalysis) [29] 5× 1013 ≃ 10−5 6× 10−17 Water Cherenkov
ANTARES [30] 107 − 1014 0.65 − 1 9.1− 1.3 × 10−17 Water Cherenkov
Super-Kamiokande (catalysis) [31] > 1017 10−5 − 10−2 8× 10−27 − 3× 10−22 Water Cherenkov
MACRO [32] 5× 108 − 5× 1013 > 5× 10−2 3× 10−16 Scint.+Stream.+NTDs
MACRO [32] > 5× 1013 > 4× 10−5 1.4× 10−16 Scint.+Stream.+NTDs
MACRO (catalysis) [33] 5× 1013 > 4× 10−5 3− 8× 10−16 Sctreamer tube
OHYA [34] 5× 107 − 5× 1013 > 5× 10−2 6.4× 10−16 Plastic NTDs
OHYA [34] > 5× 1013 > 3× 10−2 3.2× 10−16 Plastic NTDs
SLIM [20] 105 − 5× 1013 > 3× 10−2 1.3× 10−15 Plastic NTDs
SLIM [20] > 5× 1013 > 4× 10−5 0.65 × 10−15 Plastic NTDs
MICA [35] – 10−4 − 10−3 ∼ 10−17 NTD
INDU Combined [9, 18] > 105 – 2× 10−14 Induction
The SLIM experiment at the Chacaltaya high altitude laboratory (5230
m a.s.l.) [20] searched for downgoing IMMs with a 427 m2 NTD array ex-
posed for 4.2 years to the cosmic radiation. SLIM was sensitive to MMs
with g = 2gD in the whole range 4×10−5 < β < 1 and g = gD for β > 10−3.
No candidate event was observed.
Flux upper limits versus mass, as set by SLIM and other experiments
for two different MM velocities, are plotted in Fig.7.
Constraints on the flux of ultra-relativistic MMs were also given by two
experiments based on the detection of radio wave pulses from the interaction
of a primary particle with matter (ice). The Radio Ice Cherenkov Experi-
ment, RICE, consisting of radio antennas buried in the Antarctic ice sets a
flux upper limit of the order of 10−18 cm−2 s−1 sr−1 for intermediate-mass
monopoles with a Lorentz factor 107 < γ < 1012 and an anticipated to-
tal energy of E=1016 GeV (the monopole rest mass being E/γ) [37]. The
ANITA-II Balloon-borne radio Interferometer determined a 90% CL flux
upper limit of the order of 10−19 cm−2 s−1 sr−1 for γ > 1010 at the total
energy of 1016 GeV [38].
4 Searches for Strange Quark Matter and Q-balls
Strange Quark Matter (SQM) composed of approximately the same number
of up, down and strange quarks was conjectured as the ground state of
nuclear matter [5]. SQM density would be larger than that of atomic nuclei
and be stable for all baryon numbers in the range 300 < A < 1057. Due
to the suppression of some s quarks SQM should have a relatively small
positive electric charge [39,40] neutralized by an electron cloud, thus forming
9
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Figure 6: The 90% CL upper limits vs β for a flux of cosmic GUT monopoles
with magnetic charge g = gD.
a sort of atom. Large lumps of SQM (A > 1010) can be present in the
cosmic radiation (“nuclearites”). They could have been produced in the
early Universe and be a component of the galactic cold dark matter with
typical velocities of ∼ 10−3c [5]. The main energy loss mechanism for galactic
nuclearites is that of elastic or quasi-elastic collisions with the ambient atoms
and molecules. The energy loss is large; nuclearites should be easily detected
by scintillators and NTDs [44]. In transparent media some of the energy
dissipated could appear as visible light.
Several flux upper limits on nuclearites were obtained as by-products of
magnetic monopole searches. In Fig. 8 the most stringent limits for nucle-
arites with β = 10−3 are at the level of 1.4 ÷ 3 × 10−16 cm−2s−1sr−1 [45].
In the figure the galactic dark matter bound is obtained assuming that all
dark matter is composed of nuclearites.
Smaller SQM bags with baryon number A < 106÷107 are usually called
“strangelets”. They could be produced in very energetic astrophysical pro-
cesses involving strange star collisions [41,42] and supernovae explosions [43].
Strangelets are generally assumed to have no associated electrons; their
interaction with matter should be similar to that of heavy ions with a differ-
ent charge to mass ratio, Z/A, and they would undergo the same acceleration
and interaction processes as ordinary cosmic rays. In Fig. 9 the flux upper
limits for relativistic strangelets obtained with the SLIM detector and by
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Figure 8: 90% CL flux upper limits vs mass for intermediate and high mass
nuclearites with β = 10−3 obtained from various searches with NTDs. A
combined flux from the MACRO and SLIM experiments is also shown.
experiments onboard stratospheric balloons and in space are given [45–49].
The three uppermost horizontal lines in the figure indicate the measured
flux assuming that unusual events found in cosmic rays could be due to
SQM [35, 50–52]. The fluxes expected according to different models for
SQM propagation in the Galaxy and in the atmosphere are indicated in
Fig. 9 by the dotted line and the grey band [53, 54]. Limits for small mass
strangelets could come from satellite experiments as for example AMS-2 on
the International Space Station which will have an estimated sensitivity at
the level of ∼ 10−12 cm−2s−1sr−1 [55].
Q-balls are hypothesized coherent states of squarks q˜, sleptons l˜ and
Higgs fields predicted by minimal supersymmetric generalizations of the
Standard Model of particle physics [6]. They may carry some conserved
global baryonic charge Q and possibly also a lepton number. Q-balls could
have been copiously produced in the early Universe and may have survived
till now as a dark matter component. They are classified into two groups (i)
neutral Q-balls, generally called SENS (Supersymmetric Electrically Neu-
tral Solitons) that should be massive and may catalyse proton decay and
(ii) charged Q-balls called SECS (Supersymmetric Electrically Charged Soli-
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Figure 9: 90% CL flux upper limits vs mass number A for relativistic
strangelets from onboard balloon and space experiments and by the SLIM
detector at mountain altitude. The grey band and the dotted line are the
fluxes predicted by different models [53,54].
tons) that might be formed by SENS gaining an integer electric charge from
proton or nuclei absorption. SECS with typical galactic velocities β ≃ 10−3
and MQ < 10
13 GeV could reach an underground detector from above,
SENS also from below. SENS may be detected by their continuons emis-
sion of charged pions (energy loss ∼100 GeV g−1cm2), generally in large
neutrino telescopes. SECS may interact in a way not too different from
nuclearites and may be detected by scintillators, NTDs and ionization de-
tectors. In Fig. 10 are shown the flux upper limits versus mass for SENS
and for charged Q-balls (with ZQ > 10e) set by various experiments. Note
that most of these limits were given from re-estimates of the experimen-
tal limits set for MM searches (f.e. [56]). The SENS upper limit given by
Super-Kamiokande in a dedicated analysis is also shown [57]. Not shown
in the figure is the result obtained by the DAMA Collaboration which set
an upper limit on the flux of charged Q-balls with β ≃ 10−3 at the level of
∼ 3× 10−11 cm−2s−1sr−1 [58].
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5 Conclusions
Searches for classical Dirac MMs at accelerators set limits on the pair pro-
duction cross sections from different physical processes and for a wide range
of masses, as shown in Fig. 5. Future improvements may come from new
experiments at the LHC [19].
Many searches were performed for GUT monopoles in the penetrating
cosmic radiation. The 90% CL flux limits are at the level of ∼ 1.4 ×
10−16 cm−2 s−1 sr−1 for β ≥ 4×10−5. It may be difficult to do much better
unless new refined detectors with considerably larger areas are proposed.
Present limits on Intermediate Mass Monopoles with high β are at the
level of ∼ 1.3× 10−15 cm−2 s−1 sr−1 given by experiments at high altitudes.
These limits could be improved with much larger detectors, in particular
by large volume neutrino telescopes. IceCube expects limits of the order
of ∼ 10−17 cm−2 s−1 sr−1 for GUT MMs inducing nucleon catalysis and
∼ 10−18 − 10−19 cm−2 s−1 sr−1 for relativistic poles [59].
As a by-product of GUT MM searches some experiments obtained strin-
gent limits on nuclearites and on Q-balls fluxes in the cosmic radiation.
Future searches with neutrino telescopes [60] and in space [52, 55] should
reach sensitivities to nuclearites, strangelets and Q-balls of smaller masses.
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